In response to parasite exposure, organisms from a variety of taxa undergo a shift in reproductive investment that may trade off with other life-history traits including survival and immunity. By suppressing reproduction in favour of somatic and immunological maintenance, hosts can enhance the probability of survival and recovery from infection. By plastically enhancing reproduction through terminal investment, on the other hand, hosts under the threat of disease-induced mortality could enhance their lifetime reproductive fitness through reproduction rather than survival. However, we know little about the evolution of these strategies, particularly when hosts can recover and even bequeath protection to their offspring. In this study, we develop a stochastic agent-based model that competes somatic maintenance and terminal investment strategies as they trade off differentially with lifespan, parasite resistance, recovery and transgenerational immune priming. Our results suggest that a trade-off between reproduction and recovery can drive directional selection for either terminal investment or somatic maintenance, depending on the cost of reproduction to lifespan. However, some conditions, such as low virulence with a high cost of reproduction to lifespan, can favour diversifying selection for the coexistence of both strategies. The introduction of transgenerational priming into the model favours terminal investment when all strategies are equally likely to produce primed offspring, but favours somatic maintenance if it confers even a slight priming advantage over terminal investment. Our results suggest that both immune priming and recovery may modulate the evolution of reproductive shift diversity and magnitude upon exposure to parasites.
Introduction
Investment in an immune response can trade off with other life-history traits like survival and reproduction through exerting costs to host physiology and energetic reserves. As host fitness is best served by producing as many offspring as possible that in turn survive to reproduce competitively, delaying reproduction to invest in resistance after infection may benefit organismal fitness in some contexts but not in others. There is well-documented variation in the sign change of investment in reproduction following an immune challenge (nicely reviewed in Reaney & Knell, 2010) , where some insects, birds and mammals increase reproductive effort, whereas others decrease effort or show no change at all. Individuals who increase reproductive output following immune challenge are said to be exhibiting a terminal investment (TI) strategy, and this burst of reproduction can trade off with survival, future reproduction, or even the optimization of mate choice or offspring habitat (Adamo, 1999; Staudacher et al., 2015) . On the other hand, individuals who decrease reproductive investment may be exhibiting a self-maintenance (SM) strategy, favouring the production of an immune response to aid survival and recovery from infection at the expense of their immediate reproductive output.
In addition to investing in its own recovery from infection, a parent could increase contributions to offspring that decrease their susceptibility to disease. For example, human mothers bequeath antibodies to newborns, and immune-challenged birds increase concentrations of antibodies and other antimicrobial substances in eggs (Grindstaff et al., 2006) . Transgenerational immune priming in invertebrates mirrors these phenomena, as the primed offspring of immune-challenged mothers and fathers (Roth et al., 2010) from many insect taxa (Contreras-Garduño et al., 2016) are better able to survive infection and suppress bacterial growth (Tate et al., 2017) relative to offspring from unprimed parents. In the mealworm beetle Tenebrio molitor and the bumblebee Bombus terrestris (Sadd & Schmid-Hempel, 2007) , immune priming is even associated with increased concentrations and expression (Barribeau et al., 2016) of antimicrobial peptides in the offspring of primed parents.
Previous theoretical work suggests that intermediate parasite virulence should favour the evolution of a terminal investment strategy (Gandon et al., 2002) although the addition of a high infection rate could favour a downward shift in reproduction following infection (Bonds, 2006; Leventhal et al., 2014) after explicitly allowing for resource allocation constraints. However, these studies assume that hosts cannot recover from infection (Bonds, 2006) , nor produce protected offspring. A shift in reproduction that co-varies with increased immunological protection in offspring could alter the strength of selection on these strategies in an infected environment. However, it is still unclear whether the magnitude of priming protection, when it is present in a host-parasite system (Milutinovi c & Kurtz, 2016) , is correlated with SM or TI strategies adopted by the parents. Primed T. molitor mothers exhibit a hump-shaped relationship between the number of eggs produced and the proportion of eggs that were protected immunologically , with intermediate fecundity exhibiting the highest level of protection. The hump shape of this data suggests an interaction between the positive slope of a quality gradient, where better quality mothers produce more eggs and simultaneously are better able to protect them (Stearns, 1989; Moreau et al., 2012) , with the negative slope of a trade-off between fecundity and the robustness of immunological protection. Therefore, in the absence of variation in maternal quality, we generally expect that any correlation between reproduction and primed protection would be biased in the negative direction where SM individuals are more likely to have primed offspring compared to TI individuals.
After the introduction of infection into a population, how do the costs and benefits of reproductive strategies, including trade-offs with lifespan, the probability of recovering and the degree of immune priming, influence reproductive strategy evolution over epidemiological timescales? We here consider populations that already possess considerable standing variation for this trait, which should be neutral to organismal fitness in the absence of infection. We anticipated that if terminal investment incurs no costs other than to shift reproductive output earlier into an individual's life, then terminal investment will be favoured by selection because it boosts the intrinsic rate of increase of the terminal investment genotype. However, if exposure is followed by acute infection that instigates host mortality, then a host that invests in reproduction over immunity may not live long enough to finish reproducing. In this case, we expect that a somatic maintenance strategy may have an evolutionary advantage over terminal investment or a strategy of no net shift if that strategy sufficiently improves the odds of survival or recovery over the reproductive period, increasing the total number of offspring produced. In this study, we build a stochastic individualbased model on the NetLogo platform (Wilensky, 1999) to examine the reproductive success and evolution of competing strategies in populations with endemic infections. To alter the relative costs and benefits of SM and TI strategies, we modulate the slope of trade-offs between post-infection reproductive output and lifespan, recovery from infection and disease-induced mortality. We then compare these no-priming results to situations in which individuals can become primed and can bequeath priming to their offspring as a function of reproductive strategy, rendering their offspring less likely to become infected upon subsequent exposure to infection if priming protection is high. Our results define epidemiological and life-history conditions that favour different infection-induced reproductive strategies.
Materials and methods

Rationale: An agent-based model of reproductive strategies in infected populations
We designed an individual-based model on the NetLogo platform (Wilensky, 1999) to investigate the evolution of infection-induced reproductive phenotypes. In this model, susceptible individuals can become infected (Fig. 1a) , whereupon they remain infected, die or recover. The reproductive output of an individual per unit time (actual fecundity, eq. 1) is determined by the base reproductive value (r B ), the inducible fecundity response (r R ) to infection, the magnitude of priming protection against infection (d) and the factor that scales the cost to priming to the magnitude of priming protection ‫.)ד(‬
Uninfected individuals exhibit only the base, invariable reproductive output (r B ), until they become infected. Upon infection, their genotype determines r R , the direction and magnitude of a phenotypic shift towards somatic maintenance (negative shift) or terminal investment (positive shift) (Fig. 1b) . They continue to display this phenotype even if they recover from infection. Individuals that have experienced infection, and their immediate offspring, will be resistant to infection (d), but at a cost to fecundity ‫)ד(‬ (ContrerasGarduño et al., 2014). Thus, individuals that benefit most from priming will suffer the greatest priminginduced cost to fecundity. Whereas previous studies have adopted a resource budget-based approach to govern life-history phenotypes and parasite virulence (Bonds, 2006; Leventhal et al., 2014) , these frameworks do not reflect other factors, like antagonistic pleiotropy, that might give rise to trade-offs, and they generally assume that individuals are resource-limited. In order to make our model generalizable to the wide array of systems presented in studies like Reaney & Knell (2010) , we decided to adopt a more phenomenological trade-off structure where we could alter the linear slope of lifespan (k S ), infection recovery and mortality rates over the magnitude of the shift of reproductive output (Fig. 1c) . We then added in the ability of infected individuals to produce primed offspring, again pegging the level of protection afforded by priming against future infection to the parental reproductive shift to simulate a situation where TI may or may not countermand investment in offspring priming relative to a parental SM strategy. We investigated the relative prevalence and distribution of SM, TI or no-strategy genotypes when infection reached endemic equilibrium after altering the cost structure of reproductive shifts, as well as the introduction of priming into the model.
Model design
Variables
Individual agents in the NetLogo model have unique values to characterize several attributes such as lifespan, fecundity, fecundity response, recovery, primed resistance and proportion of offspring born primed (Table 1) . The fecundity response genotype is drawn from a normal distribution for the initial population Fig. 1 The relationship between infection status, fecundity and life-history parameters. When susceptible individuals are exposed to diseased individuals, they become infected (a). Infected individuals can succumb to disease-induced mortality, but they also have a chance to recover from the infection, where they are said to be primed. Both infected and primed individuals are capable of giving birth to primed individuals at proportion p, whereas (1-p) offspring will be born into the susceptible class. All offspring of susceptible individuals are born susceptible and express their base fecundity as dictated by their genotype (b). When individuals become infected, they begin to express their infection-induced fecundity response, which will be negative if they take a somatic maintenance (SM) strategy and positive if they take a terminal investment (TI) strategy. The response strategies start out normally distributed in the population and will change over time as response strategy genotypes reproduce in the infection environment. Recovered individuals will continue to exhibit that fecundity rate for the rest of their lives, but primed offspring who have never been infected will exhibit only the base fecundity. The shift in fecundity (c) affects the magnitude of parameters associated with the costs and benefits of strategies, including the rate at which individuals recover from infection, the proportion of offspring born primed, and lifespan, but this relationship can be shallow (low) or steep (high).
and subsequently inherited by their offspring. The three infection states that the agent could inhabit are susceptible (S), infected (I) and recovered/primed (P) (Fig. 1a) . Disease-induced fecundity shift-dependent parameters take effect when the agent becomes infected, which alters the attributes of the agent based on the fecundity response and the slope of the corresponding attribute. An infected or recovered individual is characterized as SM if the infection-induced fecundity response is negative, or TI if the fecundity response is positive. A neutral fecundity response of exactly 0, where the parent does not change its fecundity upon infection, was not binned into either SM or TI.
Process overview
To run a simulation of the model, a set-up module is initiated and then proceeds sequentially through six phases for each time cycle (Fig. S1 ). All the initial parameters (Table 1) are set up in this module before the simulation is run. The order of operations for each simulation is birth, egg predation, infection, recovery, quietus and record (Fig. S1 ). The details of these operations are outlined in the 'submodels' section, below. In the birth phase, each parent produces new progeny based on their actual fecundity rate (eq. 1). In the egg predation phase, new agents are removed through cannibalism when the population exceeds the carrying capacity. In the infection phase, exposed susceptible and primed individuals can become infected. In the recovery phase, infected individuals can transition into the recovered/primed state. Susceptible individuals that become infected will respond to the infection by taking the SM or TI strategy, determined by their strategy genotype. Other fecundity response-dependent parameters are specified at this point as well, including lifespan, recovery and mortality protection values, Cost to prime ‫)ד(‬ The factor used with the magnitude of primed protection to determine the fecundity cost of being primed 5
Rates are expressed in 1/time tick. In the model, the recovery slope and the mortality protection slope (augmented probability of dying based on fecundity shift) are pegged to the same values and thus are represented as one parameter here (recovery and mortality slope). For the simulations in Fig. 2 -5 and Figs S2-S4, the step size for disease-induced mortality rate and lifespan slope is 0.1. recovered/primed infection resistance values, and proportion of offspring that will be born primed. The base values and slopes (Table 1) of the linear equations used to determine these parameters are also set by the user. Both disease-induced and natural mortality occur in the quietus phase. Finally, population data are archived and the status of infection stability is evaluated during the record phase. Simulations continue until the ratio of the infected population relative to the current population does not change for at least twenty cycles, indicating that infection prevalence has reached a stable equilibrium. The infection prevalence, response strategy prevalence, and time are recorded at the end of the simulation.
For the purpose of representing the results, we calculated the overall mean of the reproductive shift as well as the gap between mean SM and mean TI reproductive shifts, upon the end of the simulation. The overall mean evolved shift was calculated as the sum of the magnitude of response fecundities divided by the size of the population. The response strategy gap was calculated as the mean SM response (the mean of the distribution of shifts < 0) subtracted from the mean TI response (the mean of the distribution of shifts > 0). A simulation that resulted in a negative mean reproductive shift would be categorized as an SM outcome, for example. If the mean TI shift was high relative to the mean of SM (response strategy gap > 8), this would be categorized as 'strong' TI. If the mean evolved shift was close to 0, we further parsed whether this was the result of stabilizing (single peak) vs. diversifying or disruptive (multiple peaks) selection by considering the response strategy gap (near 0 = stabilizing, large = diversifying).
Design concepts
Constant interaction. Individuals will interact with the entire population without making any changes in their behaviour when a disease is introduced. This means that agents will not actively avoid interaction with infected individuals and will always have a chance to become infected as long as there is at least one infected individual in the population. The infection rate, recovery rate and priming protection value remain constant at all times in the simulations presented here.
Fecundity genotype and phenotype. The population starts out with a set of disease-induced fecundity response genotypes with a normally distributed magnitude. The phenotypic fecundity response to infection is dependent on this inherited genotype, which also determines the disease-induced mortality rate, recovery rate, primed protection value, lifespan and proportion of offspring that are born primed. All of the agents express a base fecundity until they become infected, whereupon they express the shift in fecundity determined by their genotype. Parents will always pass on the genetic fecundity response to their offspring even if they never became infected themselves.
Transgenerational immune priming. Infected and primed parents can have offspring that start out primed and have protection against infection. The primed offspring will not express the fecundity response shift unless they become infected.
Time. One cycle through the six phases in the model is considered one time unit. All of the agents in the model will also increase their age by one at the end of the cycle.
Transition limit. Each individual is allowed to change their disease state one time in a given cycle, and thus, an infected individual must spend at least one cycle as infected before recovering.
Initialization
Each simulation starts out with a mixed population of susceptible and infected individuals with age randomly initialized for each agent. The values of all parameters of interest are entered by the user. Once set-up, the simulation cycles through the modules until the population stabilizes, reaches a time limit (200 time units), or infection dies out; these conditions typically yield a simulation length of approximately 50 time units. The genetic infection-induced fecundity response is normally distributed across the population with the deviations based on the user input. As an alternative to the single normal distribution of the fecundity response, we also considered a bimodal initial genotype distribution with peaks centred at the SM (À5) and TI (+5) regions. However, as this did not yield qualitatively different results from the single distribution, this situation is not considered in detail here. Additionally, a mutation option is available in the model where there is a chance for new offspring to be born with a different fecundity response from their parent, chosen from a uniform distribution over the entire range of possible genotypes, including extrema. However, the effect of mutation was not pursued in detail here because the results were not qualitatively different even when a generous mutation rate (1 fecundity shift mutant in every 5000 newborns) was included in the model.
Input
We used NetLogo's Behavior Space tool to run and repeat experiments across different transmission modes, disease-induced mortality rates and the slopes of life span, recovery, primed protection and transgenerational priming proportion. The range of values and the step size of simulations over these ranges can be found in Table 1 . Disease-induced mortality rate is the primary mediator of the cost to being infected, whereas a trade-off between survival and fecundity is an oft-cited limit to the directional evolution of increased reproductive output by individuals (Flatt et al., 2013) . Therefore, we chose disease-induced mortality rate, which is assumed to be a constant property of the pathogen, and the slope of lifespan over fecundity response, as the primary varying parameters for our results. We then consider how the level of protection provided by priming and transgenerational priming impact the interaction of these parameters on fecundity evolution, given that priming is likely to exert its own cost to fecundity (Contreras-Garduño et al., 2014) . In addition, we investigate the possibility that adopting a somatic maintenance strategy, wherein an individual increases investment in survival and immunity, will simultaneously increase the rate of recovery from infection while decreasing the probability of suffering disease-induced mortality. Thus, we simplify the model by equating the recovery and mortality protection intercepts (Table 1) and then allow the slope of these values by fecundity response to vary.
Submodels
Birth. The infectious state of the parent determines the number and quality of the offspring. Susceptible (S) parents will always produce the set base number of offspring. Infected (I) and primed (P) parents add the base fecundity (r B ) and disease-induced fecundity response (r R ) to determine how many offspring the parent produces. Susceptible parents will always produce susceptible offspring. Parents from both (I) and (P) classes will always produce susceptible offspring unless the proportion of offspring, p, that can be transgenerationally primed is greater than 0; the proportion of offspring that start off primed is p, while (1-p) start off susceptible ( Table 1 ). Offspring that are born primed inherit the primed protection value of their parents but do not exhibit a fecundity response unless they become infected themselves. However, primed offspring enjoy the same degree of protection against infection as individuals that have become primed after recovering from infection within a generation, and all primed individuals pay a cost to fecundity in proportion to the level of primed protection that they enjoy. The disease-induced fecundity response (r R ) influences the proportion of individuals born primed per the equation:
where q B is the base value of p for infected or primed parents with no disease-induced fecundity shift, whereas q R is the slope of the relationship between the fecundity response and p.
Egg predation. Environmental restraints limit the growth and size of a population. Insects like flour beetles (Tate & Rudolf, 2012) resort to egg predation and cannibalism when resources are limited. As the number of new offspring born in each cycle greatly exceeds the carrying capacity of the environment in this model, we use egg predation as the main method of population control. The density of the population is taken into consideration to further dampen the rate of population growth if the current population (N) is close to the carrying capacity (K).
We use the environmental constraint factor (eq. 3) and the population density factor (eq. 4) to determine the growth limit (eq. 5), which regulates how many newborns can be added into the population. The growth limit is subtracted from the number of newborns created to establish how many of the newborns will be consumed (eq. 6). The newborns are randomly selected to be removed until the number of newborns added is less than or equal to the growth limit. We assume that parents do not influence the selection of which newborns get consumed, and that egg clutches are not aggregated for preferential cannibalism.
Newborns Consumed ¼ Number of Newborns À Growth Limit (6)
Infection. The transmission rate (b), an individual's primed protection value (eq. 7), and the mode of transmission (density-dependent or constant environmental risk), is used to determine the probability that an individual will become infected. The probability of transitioning to the infected state for each individual will vary depending on whether they are primed and whether the probability of re-infection for a recovered individual is correlated to their primed infection resistance slope (d S ). The base intercept (d B ) is the primed protection enjoyed by a primed individual with no disease-induced fecundity shift.
This means that SM individuals will have a lower chance of re-acquiring infection relative to TI individuals if d S is > 0, as SM individuals have a negative r R . Susceptible individuals always have a primed protection value of 0. An individual's probability of acquiring infection can be driven either by the density of infected individuals in the population (eq. 8) or through a constant transmission mechanism, where the infection probability is independent of the current density of infected individuals (eq. 9). We consider both of these scenarios to estimate the importance of feedbacks from infection prevalence on selection on our focal trait. The per cent chance probability of becoming infected for each individual follows the equations:
For these simulations, we chose a value for the transmission rate (b) that ensured disease endemicity for all but the highest values of disease-induced mortality (Table 1) . We chose a value for the constant infection rate that ensured intermediate disease prevalence across mortality and life span slope parameter space.
Recovery. In a similar vein, all infected individuals recover from infection with a probability equal to their own unique recovery rate which is dependent on the relationship of recovery (j s ) to the fecundity response (eq. 10). Individuals with a recovery response equal to 0 have a base recovery chance of j B .
Percent chance of recovery
Quietus. Every cycle in the model increases the age of the agent and will remove the agent once it reaches the end of its lifespan. Susceptible individuals all exhibit the base lifespan (k B ) while those that have experienced infection before experience a change to their lifespan with slope (k S ) based on the equation:
The per cent chance of mortality is used to determine whether infected individuals will die from infection. The infection mortality protection value, which we set as equivalent to an individual's recovery chance (eq. 10) in our model (Table 1) , is used to mitigate disease-induced mortality rate and is pegged to the fecundity shift. The disease-induced mortality rate is a.
Percent chance of mortality
Record. This last module of the cycle checks to see if the population has stabilized. It is also the point where the infection prevalence and response strategy metrics are recorded.
Simulation details. All of the simulations were performed using NetLogo version 5.3.1 for Windows 10. We used NetLogo's built in Behavior Space tool under the 'dame' version to automatically run one simulation for each parameter combination of interest (Table 1) . Eight simulations were run in parallel, and a data table was created which we imported into RStudio version 1.0.136 (RStudio Team, 2015) . The plyr (version 1.8.4) package was used to combine data, and the ggplot2 (version 2.2.1) package was used to create our figures. Upon completion of the first simulation, we identified areas where stabilizing selection is most likely to occur, and used the parameter space around the stabilizing areas to run 100 simulations for each selected parameter.
Results
The interaction of disease-induced mortality rate with reproductive trade-off structure influences the evolution of infection-induced reproductive strategies
After an infection is introduced into a population, how does the cost structure associated with infectioninduced reproductive strategies influence their evolution in a population already possessing substantial standing genetic variation for this trait? When a reduction in reproduction following infection (SM) was correlated with an increase in life span (k S > 0, abscissae, Fig. 2 ) but provided only a small improvement in recovery from infection (low j S , Fig. 2a, b) , a shift towards the TI strategy evolved in the population as long as the disease-induced mortality rate was not too high (a < 0.75) (ordinate axes, Fig. 2) . A central distribution of the response strategies occurs at high diseaseinduced mortality rates, indicating no net shift in the trait distribution. However, when decreasing reproductive output correlated with an increase in mortality protection and recovery from infection (high js, Fig. 2c, d ), the SM strategy evolved when the diseaseinduced mortality rate was high, becoming more favourable at lower disease-induced mortality rates as the lifespan cost factor increased. Conversely, TI was directionally selected, and showed a large effect size, at low disease-induced mortality rate and relatively low life span cost to increased infection-induced fecundity because the phenotype stimulates greater offspring production but carries few costs. These results are relatively insensitive to decreasing the susceptibility of individuals who have recovered (primed infection resistance, e.g. Fig. 2a vs. b) , despite the impact of primed resistance on decreasing disease prevalence at high disease-induced mortality rates (Fig. S3) . Figure 2 results were also insensitive to the genotype distribution of the starting population (normal distribution centred at 0 or bimodal at À5, +5 offspring/time, latter results not shown).
As expected from basic epidemiological principles, a high disease-induced mortality rate eliminates
infectious individuals from the population and thereby reduces disease prevalence in the densitydependent transmission scenario (Fig. S3) . In extreme cases (disease-induced mortality rate > 0.75), this resulted in very low prevalence or even extinction of the infection, thus eliminating selection on reproductive shifts and resulting in a population with no net shift in the strategy distribution (e.g. Fig. 2a) . When the infection rate is instead constant, more individuals still die at higher disease-induced mortality rates, resulting in a slightly lower disease prevalence at the highest values relative to the lowest values (Fig. S4) . However, because these prevalence disparities do not feed back into transmission, the variance in disease prevalence over disease-induced mortality rate is much lower than in the density-dependent scenario. Therefore, directional evolution of strategies occurs even at high disease-induced mortality rates (Fig. S2) . Qualitatively similar results to the constant transmission scenario occur if a frequency-dependent mode of transmission is used (results not shown).
The impact of transgenerational priming on selection for SM or TI strategies
How should we expect reproductive strategies to evolve if individuals also bequeath protection to their offspring? If infected or recovered parents can produce offspring that are less likely to become infected upon exposure to infection, we might expect a shift in the calculus of costs and benefits for each infectioninduced reproductive strategy, with consequences for genotype evolution. Intuitively, transgenerational priming did not qualitatively affect results if primed individuals enjoy no additional protection from infection (d S = 0, Figs. 3 and 4, panels a, c) . If parents were almost equally likely to produce primed offspring regardless of their fecundity response (q S = 0.015) and priming provided at least some protection against subsequent infection (d S = 0.3), then this egalitarian distribution of primed offspring slightly favoured the TI strategy in the high lifespan cost, low mortality region ( Fig. 3d) absence of transgenerational priming. However, these same conditions precluded the evolution of a large effect size TI strategy even when disease-induced mortality rate was low and the cost of reproduction to fecundity was low (Fig. 3b, d ), relative to the no transgenerational priming scenario (Fig. 2b, d ). Finally, when the proportion of primed offspring decreased with increasing skew towards terminal investment (Fig. 4 , q S = 0.085) and priming provided a high level of protection from re-infection (Fig. 4b, d ), the recovery slope with respect to the disease-induced fecundity shift strongly influences how the strategies evolve. When the slope of recovery is high (Fig. 4d) , SM dominated most of the parameter space and was only unfavourable at low disease-induced mortality rates. With a low recovery slope (Fig. 4b) , selection becomes more chaotic, consistently favouring SM only when the fecundity cost to lifespan is high, and otherwise favouring no mean shift in infection-induced reproduction. The introduction of transgenerational priming, when coupled with primed protection, also suppressed Colours represent the outcome of strategy evolution when both the population and infection prevalence reach a stable equilibrium: red indicates an evolutionary shift towards SM strategies whereas blue represents a shift towards TI strategies. Dark colours indicate that the mean evolved reproductive shift has a large effect size. Green represents no mean shift in strategy, although this could result from stabilizing selection around no shift (light green) or destabilizing selection (dark green) leading to bimodality.
3 0 ( 2 0 1 7 ) 1 7 4 8 -1 7 6 2population level disease prevalence as disease-induced mortality rate increased (Fig. S3) , as previously seen in (Best et al., 2013) . However, with the exception of a correlation between high prevalence and TI strategies when disease-induced mortality rate is low and the life span slope is low (bottom left corner of panels in Figs 2-4 and Fig. S3 ), equilibrium disease prevalence did not show a consistent correlation with the evolved reproductive strategy. These trends were largely independent of transmission mode. Fig. 4 Infection-induced reproductive strategy evolution when SM individuals produce a higher proportion of transgenerationally primed offspring (q S = 0.085) than TI individuals. Each panel presents the equilibrium outcomes of varying disease-induced mortality rate (a, y axis) and the slope of lifespan by induced fecundity shifts (k S , x axis; higher values = steeper slopes). Disease-induced fecundity shifts could have little effect on the probability of recovery [low recovery slope (j S )] or SM individuals could be more likely than TI individuals to survive and recover (high recovery slope). The rows highlight the effect of increasing resistance enjoyed by primed individuals. Recovery/ primed status could provide little protection against subsequent infection (d S = 0, first row) or could protect individuals against infection (d S = 0.3, second row), with little dependence on the value of the fecundity shift (d S = 0.015). Colours represent the outcome of strategy evolution when both the population and infection prevalence reach a stable equilibrium: red indicates an evolutionary shift towards SM strategies whereas blue represents a shift towards TI strategies. Dark colours indicate that the mean evolved reproductive shift has a large effect size. Green represents no mean shift in strategy, although this could result from stabilizing selection around no shift (light green) or destabilizing selection (dark green) leading to bimodality.
decreased and the life span slope k S simultaneously increased. Stabilizing selection for no reproductive shift was favoured when disease-induced mortality rate was low but the cost of increasing reproduction was high (e.g. Fig. 2d ), whereas instances of destabilizing Fig. 5 The disease-induced mortality rate and the cost of disease-induced fecundity shifts to lifespan influence the relative probabilities of the evolution of each type of reproductive strategy under stochastic conditions. Within the high complexity region of the lifespan slope by mortality rate results (white region of inset Fig. 2d results) , simulations were rerun 100 times to gain an estimate of outcome distribution. Dark red/blue indicates a large effect SM or TI shift result, respectively, light red/blue indicates a weak (small effect size) SM or TI result, light green indicates a single peak distribution centred around no shift in reproduction, whereas dark green indicates a bimodal diversifying selection result.
relatively complex for many scenarios (Figs 2 and 3c,  d) , we further investigated the distribution outcomes for each point in parameter space under repeated stochastic simulations (Fig. 5 , simulated 100 times for each pixel in the region in Fig. 2d ). Destabilizing selection had the highest probability of occurring in regions where strong SM and strong TI intersect (Fig. 5) . As the mortality rate decreased, the peaks of destabilization frequency occurred at higher lifespan slopes (Fig. 5) . A similar trend was also observed for stabilizing selection, which had the highest probability of occurring at regions where weak SM and weak TI intersect. Transmission mode has a modest but qualitative effect on these trends; when infection rate was constant (Fig. S5) , the overall probability of destabilizing selection increased, and otherwise, the trends were shifted in the direction of a lower fecundity-induced cost to lifespan.
Discussion
The apparent natural diversity in both the magnitude and direction of reproductive shifts across taxa (Reaney & Knell, 2010) demands an investigation into the factors that could exert evolutionary pressure on this plastic life-history trait. Previous theoretical studies have endeavoured to define epidemiological conditions that could favour the evolution of conditional TI or SM strategies (Gandon et al., 2002; Bonds, 2006; Leventhal et al., 2014) , particularly as they reflect tension in the allocation of resources between host life-history traits. However, to the best of our knowledge, there has not yet been any investigation into the evolution of infection-induced reproductive shifts when individuals are allowed to recover from infection or produce offspring that exhibit enhanced resistance. Furthermore, whereas previous models of immune priming in populations have incorporated costs to reproduction instigated by infection and priming (Tate & Rudolf, 2012; Tidbury et al., 2012) , they do not allow for any phenotypic plasticity in this trait or in the nature of trade-offs with other life-history traits. In this study, we have defined a suite of epidemiological and life-history conditions that favour the evolution of TI and SM following infection. Our results suggest that a TI strategy is likely to evolve unless the increase in reproduction significantly deters recovery, whereupon an SM strategy can evolve if parasite virulence and the recovery slope is high. Stabilizing selection for no strategy at all is most likely when disease-induced mortality rate is low, life span slope high, and recovery does not provide protection against reinfection. However, fecundity costs associated with transgenerational immune priming increase the probability of stabilizing selection over a wide range of parameter space, particularly if SM and TI individuals are equally likely to recover. The observation that transgenerational priming can favour SM, TI, or no strategy at all depending on the context, underscores accumulating evidence (e.g. Moreau et al., 2012; Zanchi et al., 2012) that reproductive shifts and primed immunity might interact and should not be considered in isolation.
The impact of virulence and life-history trade-offs on the evolution of infection-induced reproductive shifts Parasites affect the longevity and productivity of the host reproductive period through a variety of mechanisms, including disease-induced mortality, sterility (Abbate et al., 2015) or exploitation of resources needed for reproduction (Bonds, 2006 ). An infected host could avoid devastation to its reproductive efforts by either increasing the rate at which it produces offspring before pathology overtakes its reproductive opportunity (Bowers et al., 2015) or by deploying an immune response to limit that pathology, or potentially by attempting both strategies at once. However, genetic, ecological and energetic constraints may limit the extent to which an individual can increase reproduction without incurring costs to other life-history traits like survival and immunity. For example, expression of the pleiotropic Juvenile Hormone in insects increases vitellogenesis and egg production but decreases stress resistance and immunity (Flatt et al., 2005) . A robust antibody-mediated immune response can have the side effect of immune responses against self and offspring (Graham et al., 2010) , leading to a trade-off between reproduction and immunity mediated by immunopathology. Moreover, the allocation of limited energetic resources between life-history traits, exacerbated by parasite exploitation of those resources, has been invoked by previous models on the evolution of infection-induced reproductive strategy shifts (Bonds, 2006; Leventhal et al., 2014) .
These models assume that parasite virulence acts through exploiting host resources and thus proportionally affects both the fecundity and death rates of infected hosts. However, parasites and pathogens vary in the costs that they exact upon their hosts. Infection virulence, in our model approximated by the diseaseinduced mortality rate alone, may be an unfortunate byproduct of host resource exploitation by parasites (Leventhal et al., 2014) , the collateral damage of an inappropriate immune response (Graham et al., 2011) , the machination of a pathogen (Raymond et al., 2009) that relies on toxin production or host death to achieve transmission, or even a nonadaptive side effect of colonizing tissue critical to host survival. Our results predict that, in the scenario where recovery is low, a shift towards TI will be favoured regardless of disease-induced mortality rate but will show a stronger shift in magnitude at low disease-induced mortality rate in agreement with the results from a previous investigation (Gandon et al., 2002) . However, as Leventhal et al. (2014) points out, this result depends on whether an exposed host will necessarily become an infected host subject to rapid host mortality. A slower drain of host resources by a chronic helminth infection, for example, could alter the interpretation of virulence to a resource-based one and thus alter the landscape of terminal investment evolution (Leventhal et al., 2014) . In the absence of recovery and priming, our results suggest that terminal investment will be favoured even if life span slope is very large, and even at negligible disease-induced mortality rate, until the extremes of these parameters, which then favours no directional evolution (Fig. 2a) .
The impact of recovery on the evolution of infection-induced reproductive shifts
Previous models have assumed that investment in immunity only delays the inevitable consequences of infection (Bonds, 2006) , but complete induced resistance, and thus recovery, is commonly achieved by inducible immune responses in a variety of systems, including Anopheles mosquito control of malaria parasites (Contreras-Garduño et al., 2014). Our results suggest that the ability of individuals to recover can qualitatively shift the evolutionary landscape, but only in the presence of a strong trade-off between investment in recovery and reproduction (e.g. the small trade-off slope in Fig. 2a vs. the large magnitude slope in Fig. 2c) . Interestingly, at low reproductive cost to lifespan, selection for strong TI gives way to strong selection for SM over a small continuous shift in virulence. It is intriguing, moreover, that the strongest magnitude shifts towards SM occur in this same region. The ability of recovered individuals to resist re-infection does not appear to qualitatively affect this trend (Fig. 2c, d ), even though it does drive down equilibrium disease prevalence (Fig. S3) . When diseaseinduced mortality rate is critically high, the only individuals who can put offspring into the next generation may be those who produce a passel of offspring before succumbing to certain death (strong TI) or those who are most capable of recovering (strong SM). Despite the dual benefit of recovery and longer lifespan, weak SM genotypes are favoured over strong SM genotypes as the slope with reproduction becomes more exaggerated. It is worth noting that recovery is important not only for the evolution of host reproductive strategies, but also for the dynamics of infection in populations, particularly if recovered individuals cannot transmit infection (Tate, 2016) . Thus, recovery could be an important component to include in future models of co-evolution between parasite virulence and host life history.
The impact of transgenerational priming on the evolution of infection-induced reproductive shifts Transgenerational priming can take a variety of forms in different taxa, including an increase in antimicrobial peptide production in the offspring of exposed beetles and bees (Barribeau et al., 2016) , and the fortification of bird eggs with antibodies after the mother is exposed to bacterial elements (Grindstaff et al., 2006) . Data defining the slope and direction of the relationship between maternal immunity and offspring immunity, and between maternal reproductive output and offspring immunity, are still relatively scarce. However, mealworm beetle mothers exhibit little trade-off between their immunity and the protection bequeathed to their offspring as long as the mothers are not inherently of low quality . In this same species, there does appear to be a negative relationship between reproductive output and the proportion of primed offspring, after accounting for differences in maternal quality .
Given some uncertainty in the relationship between reproductive output and the ability to produce primed offspring, how does priming alter the evolutionary trajectory of reproductive shifts? A shift towards TI evolved at higher disease-induced mortality rate than in the absence of transgenerational priming, even when the lifespan cost to TI was high, as long as TI individuals are roughly as capable of producing primed offspring as SM individuals. However, transgenerational priming renders the evolution of strong reproductive shifts less likely (Fig. 3b, d ) in the region where the cost of TI to lifespan is low. In fact, transgenerational priming might effectively buffer populations from directional selection on reproductive shifts by decreasing effective disease transmission through herd immunity, as supported by the overall decrease in disease prevalence in primed and protected populations (Fig. S3 ) over parameter space. As only infected individuals express the reproductive shift phenotype, selection cannot act on these phenotypes if priming prevents an individual from becoming infected. In our results, evolution does act to maintain priming, as observed when the proportion of transgenerationally primed offspring shows a strong negative correlation with reproduction. In this scenario, the SM genotype is favoured (Fig. 4d) for most values of parasite virulence or trade-offs between reproduction and lifespan or recovery, because SM individuals produce more primed offspring. Clearly, the degree of covariance between reproductive shift and offspring priming rate could have important consequences for the evolution of terminal investment and somatic maintenance and thus represents an intriguing avenue for future studies on the interaction of life history and immune priming.
Probability of directional, stabilizing and diversifying selection on reproductive strategies
In our results, we observed a relatively high frequency of both disruptive selection for maintenance of SM and TI genotypes simultaneously in the population, and low stabilizing selection for no net reproductive shift. We took advantage of our stochastic framework to investigate the relative probability of encountering these outcomes relative to simple shifts towards SM or TI. Whereas directional selection for TI was generally favoured when the life span slope was low or mortality rates were low, and SM was favoured under opposing conditions, the barrier between these relatively deterministic directional outcomes exhibited increased evenness in the relative probabilities of different outcomes. For example, under conditions where SM individuals are more likely to recover (e.g. Fig. 2d ), we found that there was a nonzero probability of disruptive selection as long as the life span slope was low and diseaseinduced mortality rate was relatively high (Fig. 5) . This probability was highest at low disease-induced mortality rate and intermediate lifespan parameter values. As life span slope increased and disease-induced mortality rate decreased, the prominence of diversifying selection gave way to a high probability of stabilizing selection for no net shift. Overall, it appeared that diversifying selection could occur in regions where strong directional shifts for both strategies were favoured (intermediate a, low k S ). Interestingly, stabilizing selection rarely occurred in this region, but did represent a relatively high probability solution in large lifespan trade-off space, representing a stable state in the transition between TI and SM as disease-induced mortality rate increased. Under a constant transmission scenario, there is an increase in the probability of coexisting strategies evolving and also an increase in the lifespan trade-off range in which coexistence appears (Fig. S5 ). This suggests that densitydependent epidemiological feedbacks might dampen the probability of selectively maintaining multiple infectioninduced reproductive strategies.
Most studies that investigate the impact of microbe exposure on reproductive shifts summarize the results in terms of mean or median reproductive output relative to an unchallenged control. However, when attempting to distinguish stabilizing selection from disruptive selection, the mean can be misleading. Future experiments should also include a description of the distribution or variance, so as to not exclude the possibility of diversifying selection. Moreover, effect size can be an issue, as our results suggest that directional evolution to a small effect reproductive shift could be favourable over a large area of parameter space, but experiments may be underpowered to detect these. Finally, the relative evenness of outcomes over a relatively large region of parameter space suggests that reproductive shift results from a single population or study may not be generalizable, particularly at intermediate disease-induced mortality rates.
Further considerations
In our model, we assume that the direction of reproductive plasticity following infection has a genetic basis.
Indeed, there is evidence to suggest genotype-specific variation in this trait in aphids exposed to a variety of microbes (Leventhal et al., 2014) . However, it is probable that some organismal genotypes can plastically modulate the direction and magnitude of their reproductive shift to the perceived threat, or simply draw randomly from a probability distribution that includes both SM and TI shifts. It would be interesting to characterize whether, as we assume in our model, the degree of reproductive shift is heritable and consistent across challenge doses in experimental systems. For example, Gryllodes sigillatus cricket males increased investment in reproduction following challenge with heat killed bacteria but decreased reproductive investment after a pricking control (Duffield et al., 2015) . In the cricket Gryllus texensis, the magnitude of terminal investment actually increases with increasing bacterial dose (Shoemaker et al., 2006) . These animals may be showing sensitivity to the perceived disease-induced mortality rate relative to their ability to invest in a successful defence. Thus, the dose itself may induce a shift in the slope between reproductive shift and probability of recovery, giving the advantage to the SM strategy at low doses (e.g. Fig. 2c ) but rendering any attempt at recovery useless at high doses (e.g. Fig. 2a) . Therefore, the ecological context (average dose encountered) may be as important as parasite virulence for driving selection on reproductive shifts. It is also worth pointing out that our model assumes a well-mixed population, but could be easily extended in the NetLogo platform to consider the effect of spatial heterogeneity or contact structure on the evolution of disease-induced reproductive strategies.
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